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INTRODUCTION 
Conventional ultrasonic inspection techniques assume a straight path of ultrasonic 
energy propagation determined by the application of Snell's Law for refraction. Typically a 
transducer is coupled to some sample and then scanned in a raster fashion across the sample. 
Data, typically amplitude or time of flight information, is recorded during the scan at 
predetermined spatial increments. This data is then presented in an image format. 
The primary problem with this conventional approach is the assumption that the 
transducer is interrogating the material which lies directly in the path predicted by Snell's 
Law. In fact, the actual path of the acoustic energy may vary substantially. Such a deviation, 
if not accounted for, could result in inaccurate flaw location and repair thereby compromising 
the integrity of the structure. 
This energy flux deviation is calculated and experimentally demonstrated. 
Computations based on published elastic constants [11 predict deviations in excess offorty 
degrees from the wave normal direction. Deviations of this order are then demonstrated 
experimentally. In addition, a C-scan image of a unidirectional graphite-epoxy composite 
material with simulated defects is presented to demonstrate both inaccurate and failed flaw 
location. 
COMPUTATIONS 
Combination of the generalized form of Hooke's Law 
°ij=CijklEkl 
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with the definition of elastic strain 
(2) 
leads to a relationship known as Christoffel's Equation, 
(3) 
Christoffel's Equation describes an eigensystem the eigenvalues of which correspond 
to the square of the phase velocities of the three acoustic modes multiplied by the material 
density of the solid. The eigenvectors of Christoffel's Equation describe the particle 
displacement vectors of the corresponding acoustic mode. 
ENERGY CONSIDERATIONS 
Using the particle displacement vectors it is possible to compute the average energy 
flow vector for an acoustic mode in the solid. By simply applying conservation of energy 
(4) 
substituting the elasticity relations, and making use of Gauss's divergence theorem we can 
write the three components of the generalized energy flow vector in an orthotropic material as 
(-+) (A2KW)r,., . 2"'] E, = -2- LCII(I w)+Cdma j3) + C 13(n ay) + Css(n ay + Ly )+ C6fj(l j3~ +m aj3) (5) 
-+ (A2 KW) ,., (E2) = -2- [C22(m j3~)+C'2(laj3) + C23(n j3y)+ C-u(n j3y +m y2) + Cfifm a 2 +1 aj3)] (6) 
(E;) = (A2;W) [Cn(n y2)+C 13(1 ay) + C21(m j3y) + C-u(n 13 2 + m j3y) + Css(n a 2 + lay)] (7) 
where I,m and n are the direction cosines of the wave vector and a,j3,y are the particle 
displacement direction cosines, A is the amplitude of the signal and w is the angular 
frequency. The vector is give as the average over one period of a harmonic solution to the 
wave equation. 
SURFACE PLOTS 
In this work two types of three dimensional surface plots are presented; in phase 
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velocity plots the length of the vector connecting the surface to the origin in a given material 
direction is proportional to the phase velocity in that direction whereas in the energy flux 
deviation plots this same vector describes the magnitude of the angle between the wave vector 
K and the energy flow vector. This type of plot was developed by Tucholski f2l. 
In this paper plots are limitted to one material for the sake of brevity. A more inclusive set of 
plots can be found in reference [31. 
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Figure I. Quasi-longitudinal (a) phase velocity surface (kmlsec) and (b) energy flux deviation 
surface (radians) for unidirectional graphite epoxy composite. 
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Figure 2. Stereographic projection series for unidirectional graphite epoxy composite. 
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STEREOGRAPHIC PROJECTIONS 
Quantitative graphical depiction of energy flux deviation is difficult; there are few 
ways to plot a vector as the function of another vector. For this reason stereographic 
projections are used to show the direction of the energy flow as a function of the direction of 
the wave vector. This work does no seek to be a tutorial on the use of stereographic 
projections, but a thorough treatment can be found in many texts including Culity's book on 
x-ray diffraction [4]. 
EXPERIMENTAL DEMONSTRATION 
Curiously, some question the necessity to account for the phenomenon of energy flux 
deviation. For this reason two samples of unidirectional, graphite-epoxy composite with the 
fiber axis at an incidence of sixty degrees to the top surface were manufactured. Into one of 
these samples three 3116" diameter by 3/4" deep flat-bottom holes were drilled. The other 
sample was cut into the shape of a half-disk. These samples are described by figure 3. 
The first sample with the drill holes was then C-scanned twice; one scan was 
performed from the top of the sample, the other from the side. The result was that the top 
orientation was only able to resolve one of the holes clearly. One hole was obscured by 
reflections from the side of the sample and the other was acoustically inaccessible owing to 
energy flux deviation. 
The second, half-disc sample was B-scanned with the generating transducer aligned 
with the center of the half-disc and fixed with respect to the sample. The second transducer 
was then scanned in an arc about the other side of the sample and the rf signal recorded at 
each scan point. In the resulting image it is easy to observe the longitudinal and two shear 
modes propagating through the sample. What is of note, however, is that none of these 
modes propagates along the axis of the incident acoustic energy which corresponds to the 
center. vertical axis of the scan. This is a very clear demonstration of energy flux deviation. 
CONCLUSIONS 
It is obvious that the effects of anisotropy on ultrasonic measurements in thick 
composites must be considered. Failure to account for energy flux deviation in measurements 
could result in failed or inaccurate flaw location and thereby significantly compromise thick 
composite structures. The results of such computations can be encorporated into existing 
ultrasonic measurement methods with little difficulty. 
FUTURE DIRECTIONS 
Additional, more quantitative investigation of the effects of anisotropy on the 
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Figure 3. Sample geometry. 
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Figure 4. (a) Top view C-scan of sample. (b) side view C-scan of sample. 
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Figure 5. B-scan of half-disc sample. 
propagation of ultrasonic energy is necessary. Factors such as boundaries, sample geometry, 
inhomogeneities, and non-linear effects must be investigated. With a comprehensive 
understanding of anisotropy effects and high fidelity measurements it may also be possible to 
implement methods for waveform based measurement of elastic constants in anisotropic 
materials. 
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